Many classes of pathogens excreted in animal and humans faeces are responsible for waterborne disease. Enteric viruses and protozoans are known to cause outbreaks similar to enteric bacterial agents, which are the main cause of outbreaks disease worldwide. Protozoan agents are very robust in water environments and are strongly resistant to most disinfectants, including chemical procedures (like chlorination) used to disinfect drinking water. Over the last 30 years, giardiasis has become the most common cause of human waterborne disease in the United States (Furtado et al. 1998 , Karanis & Kourenti et al. 2007 ). However, waterborne cryptosporidiosis outbreaks have also been reported during that time, including one in Milwaukee in 1993 affecting 403,000 people (Mc Kenzie et al. 1994) . The majority of reported parasitic outbreaks occurred where water samples were negative for coliform bacteria, demonstrating that water treatment technologies and water quality controls were inadequate to assess parasitic risk.
Toxoplasmosis is a common infection transmitted primarily by the consumption of raw or undercooked meat containing tissue cysts, but also potentially by the ingestion of vegetables or water contaminated with sporulated oocysts (Tenter et al. 2000) . Felids are the only known hosts that can release oocysts into the environment in their faeces (Dubey & Beattie 1988) . Toxoplasmosis is present throughout the world, especially in Europe (primarily Southern Europe), South and Central America and Africa. Infections occurring in immunocompetent persons are usually without symptoms or benign; however, infections can be severe in cases of maternal transmission to the foetus, leading to congenital infection, and in immunocompromised patients. Several waterborne toxoplasmosis outbreaks have been documented. The first occurred in Panama, in 1979, with the infection of 39 soldiers who used three water sources for their drinking water. Contaminated jungle streams were determined to be the most likely source of Toxoplasma infection, in the absence of other identifiable common exposures (Benenson et al. 1982) . In 1995, a large waterborne outbreak occurred in British Colombia, with 100 individuals infected with toxoplasmosis due to consumption of contaminated drinking water (Bowie et al. 1997) . A municipal water system that used unfiltered and chloraminated surface water was the likely source of contamination by cougar and/or domestic cat faeces (Aramini et al. 1999) . In 1999, drinking water was also reported as the vehicle of infection among Jains, a community of strict vegetarians (Hall et al. 1999) . The largest outbreak, with 290 human cases, was more recently reported in Brazil and involved an unfiltered water reservoir (Keenihan et al. 2002) . Moreover, a high Toxoplasma prevalence related to drinking unfiltered water was found in Brazilian communities (Bahia-Oliveira et al. 2003) . Likewise, a large toxoplasmosis outbreak in 2000 was associated with the consumption of contaminated water from a municipal reservoir, which was vulnerable to infiltration due to its precarious state of conservation. Interestingly, water collected from the suspected reservoir was filtered and multiple bioassays were performed in cats, chickens and pigs fed with the membrane filters, leading to parasite isolation and genotyping (De Moura et al. 2006 ). The last outbreak was the only one in which detection of T. gondii in the implicated water source was possible. As Toxoplasma oocysts are very resistant to environmental conditions (Dubey 1998) , increased awareness of the risk of waterborne toxoplasmosis outbreaks has led to the development of methods that can efficiently detect oocysts in environmental water.
MATERIAL AND METHODS
We have developed a strategy for the recovery and detection of oocysts and cysts, including those of Toxoplasma gondii, Cryptosporidium spp., and Giardia, which are the main parasites associated with waterborne outbreaks (Villena et al. 2004) . Briefly, after the filtration of large volumes (25-100 L) of environmental samples using Envirocheck capsules (Pall Life Sciences), particulate matter was eluted from the capsule filter (1 µm absolute pore size) with an elution buffer containing detergents (Tween-80 and Laureth-12, Pall Life Sciences). Eluates were then centrifuged and the pellet was subjected to immunomagnetic separation (IMS) to detect Giardia cysts and Cryptosporidium oocysts. These parasites were detected by immunofluorescence methods using a method adapted from Method 1623 of the USEPA (1999), as described in French norm procedure NF T 90-455 (AFNOR). After this step, the eluate was centrifuged, the supernatant discarded and the pellet suspended in a sucrose suspension (density 1.15). After another centrifugation, 2 mL of this supernatant was collected and mixed with 8 mL of deionised water. Then, a final centrifugation was performed in order to collect sediment for Toxoplasma oocyst detection. For this, the sediment was separated into two parts, one for PCR amplification and another for the bioassay after sporulation in 2% aqueous H 2 SO 4 in an aerated tube (rt for 7 days).
PCR detection -The sediment was resuspended in 1 mL of Tris-EDTA buffer and centrifuged, three cycles of freezing-thawing (-80°C) were performed and the pellet was then subjected to proteinase K digestion (1 h at 60°C). DNA extraction was performed with QIAmp DNA minikits (Qiagen, France), followed by real-time PCR. The T. gondii B1 gene was detected with Taqman probe (10 pmoL/µL) 6FAM-TCTGTGCAACTTTGGTGTATT-CG-CAG-TAMRA (Lin et al. 2000) and the AF 487550 gene was detected with Taqman probe (10 pmoL/µL) 6FAM-TAGATAGTCGAAAGGGAAAC-TAMRA (Homan et al. 2000) . To detect PCR inhibitors, DNA from a mimetic plasmid insert (1 pg/mL) was added in a second run in all environmental samples. In case of the presence of inhibitors, 8 µg of bovine serum albumin (BSA, Boehringer, Germany) was added to a new reaction mixture before the next amplification (Villena et al. 2004 ).
Bioassay -The aerated suspension was neutralized by adding 3.3% sodium hydroxide and then centrifuged and the sediment was resuspended in 1.5 mL of normal saline suspension containing antibiotics. Female SwissWebster mice (negative to Toxoplasma serology) were inoculated by gavages and seroconversion was determined after four weeks and confirmed by examination of sacrificed mice, in case of positive case.
RESULTS
Over the course of seven years, we collected environmental water samples in sites selected by health officials in the Champagne-Ardenne Region. Of these sites, five corresponded to departments of the region, one to the District of Reims, and one to a river. A total of 482 samples were analysed. These consisted of raw surface water (RSW) (n = 100) collected near waterplant intakes or in a river crossing the district that was chosen because of its constant positivity, underground water (UW) (n = 263) and public drinking water (PDW) (n = 119). Samples from different geographical locations exhibited a range of turbidities, measured by the nephelometric procedure. The filtered volumes were variable depending on the turbidity and nature of the water: 5-45 L of RSW, 25-100 L of UW and 100 L of PDW.
We detected Cryptosporidium oocysts in 92 samples, Giardia cysts in 101 samples, and T. gondii oocysts in 37 samples. There was no correlation between T. gondii presence in environmental water and the presence of Cryptosporidium or Giardia. Among the 469 samples not containing PCR inhibitors, 432 were negative. Thirteen samples were found to contain PCR inhibitors. After adding BSA, eight samples were found to be negative, three positive and two samples remained uninterpretable. The last two were either true negatives or contained an excessive amount of PCR inhibitors. None of the samples positive for Toxoplasma DNA were positive in the bioassay. These results are shown in Table, with results from each site according to the nature of the water samples (UW, raw surface and PDW).
DISCUSSION
Water has been considered to be an important vehicle for disseminating human toxoplasmosis, as T. gondii oocysts can persist for a long time in the environment (Dubey 1998) and are highly resistant to the various inactivation procedures based on chemical reagents and disinfection processes used by water utilities (Dubey et al. 1970 . Prior to this study, several methods had been described for the recovery and detection of T. gondii oocysts in contaminated water (Isaac-Renton et al. 1998 , Dumètre & Dardé 2003 , Kourenti & Karanis 2004 , Sotiriadou & Karanis 2008 . These methods were not as well established as the ones described for the recovery and detection of Cryptosporidium and Giardia. The standard methods currently available for the detection of these parasites in water include the concentration-filtration of large volumes, elution and purification on density gradients or by IMS, and finally detection by immunofluorescence assay using monoclonal antibodies (Quintero-Betancourt et al. 2002) . Often, however, these methods for the detection of waterborne protozoa were reported in laboratory conditions with high inoculums in seeding experiments, but not in natural samples. We have developed a method for the detection of Toxoplasma oocysts in environmental water that can be combined with assays to detect Cryptosporidium and Giardia in the same sample, simplifying the procedure for health authorities (Villena et al. 2004 ). The concentration-filtration step is critical, as it is marked by the loss of seeded oocysts. While flocculation is simple, inexpensive, and has high recovery rates in tap water (Kourenti et al. 2003 ), filtration appears to be more robust for processing turbid water. Envirochek capsules (Pall Life Sciences) consist of a polyethersulfonate membrane with a 1 µm absolute pore size, allowing for the filtration of most waterborne agents and the elimination of debris and most PCR inhibitors present in environmental samples (Matheson et al. 1998) . Because there are few target organisms in the samples (due to dilution in water), capsules offer a large volume of filtration (100-500 L) and are commonly used in to detect Cryptosporidium and Giardia even in highly turbid water (USEPA 1999), as well as Cyclospora oocysts (Sturbaum et al. 1998), which are close in size of Toxoplasma (size around 10 µm). After filtration, elution buffers with detergents (Laureth-12, Tween-80, or sodium dodecyl sulphate) are necessary to recover protozoa present in the filter (Quintero-Betancourt et al. 2002) . Following the concentration step, Toxoplasma oocysts should be purified using sucrose flotation (specific gravity ≥ 1.15), a commonly used method yielding a large number of purified oocysts (Dubey et al. 1970) . Recently, Sheather's sugar solutions with specific gravities of 1.07 and 1.11 have been reported to recover 78-100% of sporulated or unsporulated Toxoplasma oocysts, depending on the amounts of contaminating debris (Kourenti & Karanis 2006) . It was also demonstrated that old and/or degenerated oocysts exhibited greater densities (> 1.10) than fresh oocysts (Dumètre & Dardé 2004) , which could explain the differences in recovery rates depending on oocyst viability. IMS or fluorescence-activated cell sorting (FACS) may also be employed to improve purification, resulting in a better preparation -these techniques were used for Cryptosporidium and Giardia detection in environmental waters with good recovery rates (Rochelle et al. 1999) . Recently, specific IMS for Toxoplasma was developed using a monoclonal antibody produced against the oocyst wall (mAb 3G4). Mean oocyst recoveries from this technique ranged from 45-83% in experimental conditions, depending on the incubating temperature and buffer (Dumètre & Dardé 2005) . Using another monoclonal antibody (mAb 4B6) targeting the sporocyst wall of multiple organisms related to Toxoplasma, IMS was tested under different conditions and sporocyst recoveries ranged from 14-45% in drinking water samples spiked with 1-10 oocysts/L, and from 18-32.5% in surface water samples spiked with 10 oocysts/L (Dumètre & Dardé 2007) . However, due to mAb 4B6 cross-reactions, PCR amplification was necessary after IMS to characterize coccidian sporocysts detected microscopically. This method could be efficient for isolating Toxoplasma oocysts, but its effectiveness in environmental waters remains to be evaluated. The next step was the detection of purified oocysts. Rapid and sensitive pathogen detection methods are essential for the public water industry and public health authorities. PCR has been described as more sensitive and specific than conventional methods of detection for Cryptosporidium detection in environmental waters (Fontaine & Guillot 2003) . We adapt this strategy for Toxoplasma detection, as there are no commercial immunofluorescence kits available to detect Toxoplasma oocysts, and PCR should be able to detect low parasite numbers in environmental waters (Schwab & McDevitt 2003 , Sotiriadou & Karanis 2008 . In this study, the PCR sensitivity ranged from 1 oocyst/L up to 1000 oocysts/L, depending on the source of seeded water (the best sensitivity was obtained with deionised water). Moreover, PCR was more sensitive than the bioassay by mice inoculation (Villena et al. 2004 ). Schwab and McDevitt (2003) have developed a PCR method capable of detecting fewer than 50 oocysts in experimental conditions. In addition, Sotiriadou and Karanis (2008) have recently developed a loop-mediated isothermal amplification (LAMP)-specific protocol to amplify Toxoplasma DNA with better results than nested PCR. DNA extraction is critical, as the oocyst wall is very robust. Different methods have been proposed, including freeze-thawing, grinding with glass beads or sonication and lengthy proteinase K digestion (Dumètre & Dardé 2003) . However, since there is no standard protocol and no optimal conditions have been identified to destroy the oocyst wall, we choose freeze-thawing followed by proteinase K digestion for its simplicity and speed. In environmental conditions, numerous substances such as humic acids have been identified as PCR inhibitors. Processes such as IMS or FACS are often sufficient to purify the sample, but PCR inhibitors may be not completely removed by flotation procedures. Thus, we add BSA to reduce the incidence of inhibitors in our samples, as suggested by Rochelle et al. (1997) . We have already demonstrated the efficiency of this procedure for environmental water samples (Villena et al. 2004) ; however, PCR inhibitors are still present in some environmental samples (Kourenti & Karanis 2006) . Here, using BSA allowed us to remove PCR inhibitors from 11 of 13 samples, with the positive detection of Toxoplasma in three.
Under our conditions, we detected Toxoplasma in 7.7% of water samples collected during a seven-year period. Sotiriadou and Karanis (2008) recently reported positive samples in 48% of 52 natural water samples using a LAMP-specific protocol targeting the TgOWP and B1 Toxoplasma genes. Cryptosporidium and Giardia were always detected in higher numbers than Toxoplasma and both pathogens are more often present in raw surface or UW than in PDW. Contamination in RSW is not surprising, as environmental matrices may be contaminated by soil washing after peaks in rainfall, as described by Bowie et al. (1997) . Contamination was likely present in UW because of the vulnerability of these resources and the fact that these samples were chosen by local public health officials because of frequent pathogen recovery (coliform) or high turbidity levels. This frequency in the detection of major parasites has already been reported (Slifko et al. 2000) . Giardia and Cryptosporidium are more ubiquitous in nature because of their excretion by a wide range of hosts, while Toxoplasma oocysts are only excreted by felids. Waterborne outbreaks due to Giardia and Cryptosporidium in PDW have been reported even when sanitary controls were satisfactory (with no bacterial pathogens). The presence of Toxoplasma DNA in three PDW samples is more surprising, since none of those samples were positive by bioassay. The bioassay is the reference test for Toxoplasma isolation since it is positive in the presence of viable parasites and can be used for genotyping (De Moura et al. 2006) , but this method is time and cost consuming. In addition, the bioassay is less sensitive for the detection of Toxoplasma in environmental samples, as demonstrated by Isaac-Renton et al. (1998) . These authors proposed the use of this assay to detect Toxoplasma oocysts in environmental samples with same rates of detection as observed in sterile saline (2.5 oocysts/L). Moreover, they failed to detect oocysts in raw water samples. Recently, a bioassay performed on pigs and cats was found to be effective for the isolation of Toxoplasma oocysts in water samples (De Moura et al. 2006) .
DNA amplification may be due to the detection of dead oocysts (explaining the divergence with the bioassay) and tests for the identification of viable oocysts may be developed in the future. To assess the viability of Giardia cysts and Cryptosporidium oocysts, inclusion of DAPI or exclusion of propidium iodide have been used, but these methods are not applicable to Toxoplasma oocysts, probably due to differences in wall composition (Dumètre & Dardé 2003) . To determine the viability of Toxoplasma oocysts, reverse transcription (RT)-PCR was in development in our laboratory, but mRNA detection seems less sensitive in the presence of PCR inhibitors in samples (data not shown). Since the bioassay takes too long for public health sentinel purposes, continued efforts are necessary to develop rapid tests able to differentiate between viable and nonviable oocysts present in environmental samples.
In conclusion, waterborne parasitic disease is an emergent problem. Although methods to detect Cryptosporidium oocysts and Giardia cysts have been available for several years, methods are still in development to detect Toxoplasma oocysts in environmental samples and especially in water, a possible source of human infection. The IMS method using monoclonal antibodies developed against the oocyst wall and PCR detection could be acceptable strategies, as they have been employed for other parasites in the environment. The LAMP amplification method could also be used in this strategy. In addition, methods to detect the principal parasites responsible for waterborne outbreaks (i.e Cryptosporidium, Giardia and Toxoplasma) could be combined to create a survey strategy for public health authorities. Moreover, RT-PCR by real time or by LAMP amplification could be developed to determine the viability of Toxoplasma oocysts in place of the bioassay, which is more time consuming.
